Women are twice as likely to suffer from depression as men. It has been proposed that the ovarian hormones estrogen and progesterone contribute to the higher incidence of this potentially debilitating disorder. Depression can also be accompanied by a loss of cognitive performance. Here we review estrogen-mediated effects on depression and memory formation in females. We propose that changes in levels of estrogen are associated with sex differences in learning as well as changes in affect prior to menses, immediately after pregnancy and during perimenopause and the menopausal transition. Finally, we discuss the animal model of depression known as 'learned helplessness' and describe research from our laboratory demonstrating that exposure to an acute stressful experience compromises a female's later ability to acquire certain types of new memories. This response to stressful experience is opposite to that observed in males and is dependent on the presence of estrogen, and more specifically-changing levels of estrogen. This observation indicates that females and males can use different hormonal and neural mechanisms to respond to the same emotional event and underscore the importance of studying the unique and changing biology of females, especially when considering treatment strategies for depression and stress-related illness.  2002 Elsevier Science B.V. All rights reserved.
in depression. For example, females are more likely to increase the bioavailability of serotonin in the to seek treatment for depression and thus their synapse. The SSRIs have become the most widely numbers can appear higher. Moreover, males often prescribed treatment for depression primarily beuse alcohol or illegal drugs to self-medicate. As cause they often relieve the depression without side such, they are often times diagnosed as substance effects such as headache, nausea and drowsiness, abusers or antisocial rather than depressive. Also, although many patients do present with sexual females often appear more depressed because they dysfunction. Interestingly, these drugs are also effectend to ruminate more about their mood (Nolen- tive in the treatment of other psychiatric disorders Hoeksema, 1987) . Finally, the changing role of such as panic and obsessive-compulsive disorder, women in the workplace seems to contribute to the even bulimia nervosa. sex difference. For example, women who work Given the usefulness of serotonergic drugs for outside the home have a reduced incidence of treating depression, it is assumed that depressed depression (Nolen-Hoeksema, 1991) and in compatients would have reduced levels of serotonin. munities where both sexes work, as in the Amish Indeed, there are reports of reduced concentrations of community, there are no reported sex differences in 5HT and its metabolite 5HIAA in the cerebrospinal depression (Egeland and Hostetter, 1983) . However, fluid of depressed patients, as well as reduced there is ample evidence that the high incidence of serotonin uptake, transporter binding sites and condepression in females is attributable or at least centration of tryptophan, the serotonin precursor exacerbated by their unique biology and specifically (Nemeroff, 1998) . However, the connection between by the presence of the ovarian hormones estrogen reduced serotonin and depression is not direct. For and progesterone.
example, a reduction in monoamines including serotonin does not necessarily result in behavioral depression in undepressed people nor does reduction 2 . The neurobiology of depression in monoamines in depressed patients worsen their symptoms (Delgado, 2000) . Also, only about 30% of As with many psychological disorders, an apdepressed patients respond to serotonergic therapy preciation for the underlying mechanisms of depres- (Nemeroff, 1998) . Thus, a reduction in serotonin is sion arose from the development of treatments. not sufficient to induce depression but may be Nearly 40 years ago, it was observed that depression permissive in some individuals. could be treated with drugs that enhance monoIn addition to serotonergic dysfunction, depression amines in the brain. The most effective antidepreshas been associated with disturbances in the hyposants were those that enhanced either serotonergic or thalamic-pituitary-adrenal axis (HPA) in humans. noradrenergic systems. From these observations, it Drug-free depressed patients have enhanced levels of was assumed that depression was caused by or at adrenal hormones and corticotropin-releasing factor least accompanied by a decrease in effectiveness of (CRF) in the blood (Banki et al., 1987) . CRF and its these systems. This hypothesis has been called the receptors are prevalent in brain regions associated 'monoamine hypothesis of depression'. The hypothwith affect such as the amygdala, the bed nucleus of esis was strengthened by the discovery that drugs the stria terminalis, the cerebellum and the dorsal that enhance both the serotonergic and noradrenergic raphe nuclei. Interestingly, it is reported that an systems, the so-called monoamine oxidase (MOA) injection of CRF into laboratory animals can induce inhibitors, were effective in the treatment of unipolar similar responses as depressed patients such as depression. Because many of the initial drugs deweight loss, sleep disturbances and fear of novelty veloped for the treatment of depression carried (Nemeroff, 1998) . unwanted side-effects, a great deal of effort went From the previous discussion, it is clear that into developing drugs that selectively targeted the serotonin and adrenal hormones may contribute to noradrenergic or the serotonergic systems. Those that the symptoms of depression. To further complicate have been most effective are known as the selective the issue, there is evidence that glucocorticoids serotonin reuptake inhibitors (SSRIs) which function regulate serotonergic activity from the raphe nucleus and that under chronic conditions of elevated corticoin ovarian hormones are likely necessary but not steroids, as under stressful conditions, serotonin is sufficient for inducing this type of depression. reduced (Meijer and de Kloet, 1998) . Also, there are Another type of female depression associated with reports that treatment with antidepressants can rechanging hormone levels is referred to as premenduce the activity of CRF-containing neurons strual syndrome (PMS), or in more severe cases as (Nemeroff, 1998) . These results emphasize the need premenstrual dysphoric disorder (PMDD), which to view depression as a set of behavioral symptoms occurs in | 5% of women of reproductive age that are manifest by interactions of hormonal and (Rubinow, 1992) . The mood-related symptoms of neurotransmitter systems in numerous brain regions.
PMS, including depression, anxiety and irritability, It is unlikely that any one molecule will be responvary in accord with the different patterns of ovarian sible for such a complex phenomenon as depression.
hormone secretion during the menstrual cycle. The symptoms of PMS occur when estrogen and progesterone levels decrease during the late leuteal phase of the menstrual cycle and disappear at or soon after the 3 . Female depression and the role of ovarian onset of menses. Thus, PMS may be triggered by hormones hormonal changes occurring during the leuteal phase of the menstrual cycle. However, the symptoms of As discussed, females present with depression PMS can occur despite the elimination of the leuteal much more than males. The higher incidence and in phase by administration of the progesterone antagosome cases, severity of depression is associated with nist mifepristone (Schmidt et al., 1991) . These the presence or absence of ovarian hormones. In fact, results suggest that hormonal changes before the female depression often occurs during periods of leuteal phase may be responsible for the onset of hormonal perturbation such as prior to menses, PMS symptoms (Schmidt et al., 1998) . In addition, immediately after pregnancy, as well as during and the interaction between the gonadal steroid and shortly after menopause. It is important to note that serotonergic systems may regulate mood and affect these conditions are often associated with changes in during the menstrual cycle. Serotonin function is hormone levels rather than an absolute level. Consialtered in women with PMS (Steege et al., 1992) and der the case of postpartum depression, which occurs serotonergic compounds such as fluoxetine can be in the weeks to months following birth. This disorder used to treat PMS and PMDD (Romano et al., 1999) . is evident in up to 10% of new mothers, with 30% of As emphasized, the incidence of depression is those still depressed 6 months later (Buckwalter et higher in women than men. However, this sex al., 2001). During pregnancy, estrogen levels are difference tends to diminish after menopause which very high and decline precipitously after birth. Thus, occurs at an average age of 51 years in the United it could be proposed that depression is associated States (Sonnenberg et al., 2000) . The postmenopauswith the decrease or 'change' in levels of gonadal al period is characterized by the virtual absence of steroids. In order to test whether the change in ovarian steroids as well as decreased serotonergic hormone levels is indeed responsible for postpartum function (Halbreich et al., 1995) . Because older depression, one study treated females with the very females do not menstruate nor experience changing high levels of estrogen associated with pregnancy levels of ovarian hormones, this may constitute followed by treatment with low levels associated further support for the hypothesis that sex differences with postpartum. Females either had a history of in depression are associated with changing rather postpartum depression or did not (Bloch et al., than absolute levels of female hormones. As with 2000). As expected, treated females with a history postpartum depression, menopause is a time when developed dysphoric mood consistent with depresdepressive symptoms reoccur in women with a sion whereas those treated without a history did not.
history of the disorder (Pearlstein, 1995 ; Richardson These results indicate that fluctuations in estrogen and Robinson, 2000) . contribute to depression after pregnancy but other Perimenopause corresponds to the period precedfactors are contributing to its etiology. Thus, changes ing menopause and is characterized by irregular cycle lengths, reduced fertility and decreased esnumerous serotonergic receptor subtypes are reportrogen production. Higher rates of depressive symptedly regulated by ovarian steroids, as well as toms occur in about 10% of perimenopausal women implicated in depression. For example, expression of (Avis and McKinlay, 1995; Burt et al., 1998) . It has the 5HT1A autoreceptor in the dorsal raphe is been suggested that mood disturbances associated decreased by estrogen and progestin (Pecins-Thompwith perimenopause may be attributable to the hot son and Bethea, 1998). Estrogen has also been flashes, insomnia and fatigue commonly experienced shown to increase the density of 5HT2A receptors in during this period. The various subtypes of female brain regions associated with mood (Fifa and Fillion, depression clearly indicate that women are particu-1992). Taken together, these findings suggest that larly susceptible to depression at discrete points in estrogen can facilitate serotonergic transmission by their reproductive life cycle. This increased vulenhancing serotonin synthesis and / or decreasing nerability corresponds to changes in circulating serotonin reuptake thereby alleviating depressive levels of ovarian hormones.
symptoms (Bethea et al., 1999) . Consistent with this, clinical studies have demonstrated estrogen treatment to have antidepressant effects when administered 4 . Interactions between serotonin and ovarian alone (Klaiber et al., 1996) or in combination with hormones serotonergic antidepressants (Halbreich et al., 1995) . Thus, it is evident that in women, ovarian hormones Serotonin's widely recognized role in depression can interact with serotonergic function to influence and the ability of estrogen and progesterone to affect. modulate different aspects of serotonergic function implicate ovarian hormones as a factor underlying depression and its treatment (Joffe and Cohen, 1998;  5 . Estrogen and the treatment of female McEwen and Alves, 1999) . However, the mechadepression nisms by which ovarian hormones modulate the central serotonin system, and ultimately mood, are
The pivotal role of ovarian hormones in the unknown. The raphe nuclei have been suggested as etiology of female depression suggests a potential the site of action for ovarian hormone regulation of role of estrogen and progesterone in the treatment of serotonergic function despite the inability to detect affective disorders in women. The available research the classic alpha subtype of estrogen receptor in this indicates that estrogen may be pharmacologically region. The recent discovery of the beta subtype effective in ameliorating depressive symptoms. For estrogen (Kuiper et al., 1996) and the localization of example, estrogen treatment repeatedly improves the ER-beta mRNA in the dorsal raphe (Shughrue et al., physical and psychological symptoms of PMS (Ep-1997) provides a potential explanation of the interacperson et al., 1999) and may be effective for tions between estrogen and serotonergic systems. postpartum depression (Gregoire et al., 1996 ; Sichel Serotonergic neurons in the raphe of the rhesus et al. , 1995) . There is widespread use of hormone macaque have also been found to contain estrogen replacement therapy (HRT) following cessation of inducible progestin receptors thus providing a direct menses with an estimated 10 to 30% of posttarget for the regulation of serotonergic function by menopausal women receiving HRT for at least some ovarian hormones (Bethea, 1993) . Ovarian hormones time during and after menopause (Halbreich, 1997) . have also been shown to affect numerous factors Clinical studies indicate that estrogen replacement regulating serotonin synthesis and serotonin levels in improves mood and increases the sense of well-being the central nervous system (see Bethea et al., 1999 in post-menopausal women with no or mild depresfor review). For example, ovarian hormones promote sive symptoms. However, in postmenopausal women the induction of tryptophan hydroxylase, the ratewith major depression, estrogen alone is not suffilimiting enzyme in the synthesis of serotonin, and cient, although it may be useful as an augmentation reduce serotonin reuptake transporter (SERT) strategy (Derman et al., 1995) . Interestingly, esmRNA expression in the raphe nuclei. In addition, trogen can remedy the symptoms of perimenopausal depression providing support for the idea that and results in a much more laborious and expensive ovarian hormones are involved in the expression of effort on the part of the researcher. More critically, it the disorder (Rubinow et al., 1998; Burt et al., 1998) .
has been assumed that the neurobiology of depresRecently, Schmidt et al. (2000) demonstrated the sion in females is simply an extension of that beneficial effects of estrogen replacement in observed in males, and therefore a model specific to perimenopausal depression to be independent of its females was unnecessary. In the following section, ability to reduce the sleep disturbances and the we review the most common animal model of distress of hot flushes.
depression and its incompatibility with some sympDespite these findings, further research is needed toms of female depression. to elucidate the role of ovarian hormones in female
The most common animal model of depression is depression. Particularly, the determination of effecknown as 'learned helplessness'. This model detive doses and treatment duration for the different veloped from a series of experiments conducted by subtypes of female depression must be addressed as Overmier, Seligman and Maier in the mid-1960s well as the potential prevention strategies during (Overmier and Seligman, 1967 ; Seligman and Maier, susceptible times in a woman's life. It has recently 1967). In the experiments, animals were exposed to been determined that there are at least two types of aversive shocks or other stressors and tested later on estrogen receptors, the alpha and the beta-receptor.
their ability to learn a new task in which escape from The beta-receptor is highly localized in the brain, a mild footshock was possible. They found that while the alpha is more highly localized in reproducanimals exposed to inescapable stress were severely tive tissue such as the ovaries. Because of the impaired in their ability to perform while animals dangers of inducing cancer via activation of the exposed to the same amount of escapable shock were alpha receptor, there is much emphasis now in not impaired. These experiments provided evidence finding ways to selectively activate one receptor and that an emotional state induced by exposure to not the other (Kuiper et al., 1996) . Although promisuncontrollable events could later retard an animal's ing, those involved in these studies remain cautious capacity to respond when control was possible. The since estrogen has many effects on other organ impaired performance in response to inescapable systems including heart and bone (Roussouw et al., stress was most often evident during operant con-2002).
ditioning, in which an animal must elicit an overt response to earn some reinforcer. Because it appeared as if the animals had 'given-up', the phenom-6 . Helplessness behavior in the female rat enon was promoted as an animal model for depression in humans (Seligman, 1975 (Seligman, , 1997 . In the In order to understand the neurobiology of depresmodel, it was proposed that exposure to uncontrollsion or other disorders of affect, it is useful to have able and stressful life events led to a feeling of 'loss an animal model and numerous animal models have of control' which ultimately led to depression. been proposed (Willner, 1990; Porsolt, 2000 for Adding to its usefulness as an animal model of review). Surprisingly, however, there has been minidepression, treatment with standard antidepressants mal research on the neurobiology of depression in such as the SSRIs and lesions to the serotonergic females and no apparent attempt to establish an system ameliorated some if not all of the performanimal model. The reluctance to study this issue ance deficits (Maier et al., 1993) . Although compelarises from a number of factors. Foremost is the ling, there is concern that some of these effects of difficulty in studying any phenomenon with a changstress on learning are attributable to nonspecific ing baseline, such as occurs across an estrous cycle effects on performance (Maier and Jackson, 1979 ; of a laboratory animal. For example, the rat transi- Weiss and Glazer, 1975) . For example, exposure to tions through at least four stages of estrus (proestrus, stressful events as used in these studies can induce diestrus 1, diestrus 2, estrus) in a 4-5-day period.
neophobia and a decrease in activity, both of which Thus, for each experiment, 4-5 times as many can impair learning when activity is necessary. This groups are necessary than when studying only males is not to say that the effects are not similar to those observed with depressed patients. To the contrary, use a classically conditioned response known as some would argue that the behavioral depression eyeblink conditioning. In the learning task, an auditexemplified by inactivity in the laboratory animal is ory conditioned stimulus (CS) is preceded by and of the type observed in depressed humans and predicts the occurrence of an unconditioned stimulus reflects their lack of interest in daily life. The (US), which is a periorbital shock to the eyelid. The primary concern for the present review is that this stimulation to the eyelid elicits a blink, which is the phenomenon of 'learned helplessness' reportedly unconditioned response (UR). When repeatedly does not occur in female animals (Steenbergen et al., paired with and preceded by the auditory stimulus, 1990; Kirk and Balmpied, 1985) despite the fact that the auditory stimulus itself comes to elicit an eyebfemales have a much higher incidence of depression.
link conditioned response (CR). In the male rat, we A recent study has demonstrated that female mice of observed that exposure to an acute inescapable some strains exhibit moderate helplessness behavior stressor of either swim stress or tailshocks (a similar whereas others are less or not disrupted by the protocol to that used in the learned helplessness effects of inescapable shock (Caldarone et al., 2000) . studies) greatly facilitated this type of associative Findings from these various studies suggest that learning. Exposure to the stressful experience enhelplessness may not be a useful animal model for hanced delay conditioning in which the two stimuli depression in females. Minimally, they suggest that are associated in time (Fig. 1A ) and trace conan appropriate model for depression in males may ditioning in which the stimuli are discontiguous in not be appropriate for depression in females.
time (Fig. 1B) (Shors et al., 2000 for review; Shors, , 1998 Beylin and Shors, 1998; Servatius and Shors, 1994; Shors et al., 1992) . In contrast, expo-7 . A stress-induced performance deficit in the sure to the very same stressor dramatically impaired female rat conditioning in females (Wood and Shors, 1998; Shors et al., 1998; ( Fig. 1A and Recently, we observed a very different effect from 1B). Thus, in response to the very same environmenthe traditional 'helplessness' effect. In our studies we tal event, males and females responded in opposite and trace (B) classical eyeblink conditioning in the rat. Unstressed females in proestrus conditioned more than unstressed males. Exposure to an acute stressor of restraint and brief intermittent tail-shocks facilitated classical conditioning in males 24 h later, whereas in females exposure to the same stressor during diestrus impaired conditioning 24 h later during proestrus. directions, with females being severely compromised are linearly related. In this scenario, high levels of in their ability to perform. As illustrated, the females estrogen as observed during proestrus would be were virtually unresponsive to the association beassociated with high performance and low levels as tween environmental events.
observed during diestrus and estrus would be associAlthough unresponsive to acquiring new associaated with low levels of performance (Fig. 4A) . In tions, it is not the case that the female could not addition, this scenario would predict that stress respond (Wood and Shors, 1998) . Neither stress nor would decrease estrogen levels and thereby impair gender altered the number of spontaneous blinks or performance. The second hypothesis would propose blinks in response to auditory stimuli prior to an inverted-U shaped function between levels of training. Neither stress nor gender altered responding estrogen and performance (Fig. 4B) . In this scenario, to the conditioning stimuli when they were presented low levels of estrogen as observed during estrus and in an explicitly unpaired manner. We also observed diestrus would be associated with poor performance, no difference in activity or measures of gross pain moderate levels of estrogen would be associated with sensitivity 24 h after stressor exposure, at the time of moderate levels of performance and very high levels training. Rather, the data suggest that exposure to of estrogen in response to stress would be associated stressful experience induces dramatic, persistent and with poor performance. In order to test which of diametrically opposed effects on memory formation these hypotheses was correct, one would need to in the male versus female animal. know whether stress elevated or reduced endogenous As discussed, many of the instances of depression levels of estradiol. We conducted this experiment and in females are associated with levels of reproductive determined that exposure to the stressor of either hormones and their fluctuations across time. The tailshock or swim stress increases estrogen (Shors et effect of stress on conditioning in females is sensial., 1999) . Thus, it appears that there is an invertedtive to both these factors. First of all, the effect of U shaped relationship between levels of estrogen and stress is prevented by removal of ovarian hormones performance of the classically conditioned eyeblink via ovariectomy (Wood and Shors, 1998) (Fig. 2A) .
response. In the presence of very low and very high Secondly, the effect can be prevented by administralevels of estrogen, as in diestrus and after stress, tion of the estrogen antagonist, tamoxifen (Fig. 2B) .
respectively, performance is poor, but in the presence In contrast, it does not appear that progesterone is as of moderate levels of estrogen, performance is critical to the effect of stress on conditioning in that optimal. However, it should be noted that administraadministration of a progesterone antagonist did not tion of stress-induced levels of estrogen does not prevent the impaired performance (Wood and Shors, impair learning in females (Leuner and Shors, ununpublished data) . We also have data to suggest that published data). Thus, although extreme changes in the change in level of estrogen is critical. Firstly, it estrogen are associated with poor performance, esis noted that unstressed females acquire the response trogen by itself is not sufficient to produce these faster than do unstressed males (Fig. 1) . Thus, there effects. Exactly how changes in estrogen can inis a difference in the baseline response that is fluence behavior to such a degree and what it dependent on sex and moreover, dependent on the interacts with is unknown at this time. stage of estrus . Specifically, As discussed, there is some evidence that a females acquire the CR faster during proestrus when disruption in the HPA activity is associated with estrogen levels are high relative to females in estrus depression, at least in males. Interestingly, we have or diestrus, when estrogen levels are relatively low found that adrenal glucocorticoids are necessary for (Fig. 3) . Importantly, the impaired performance in the enhancing effect of stress on conditioning in response to stress is most evident when levels of males (Fig. 5A ), yet they do not contribute sighormones change from diestrus to proestrus. That is, nificantly to the impairment in females (Wood et al., the effect of stress on conditioning is most apparent 2000) (Fig. 5B) . That adrenal steroids do not conwhen estrogen levels are rising.
tribute is somewhat surprising since females under From these data, one can propose two hypotheses.
both stressed and unstressed conditions have much The first is that levels of estrogen and conditioning higher levels than males (Shors et al., 1999) . None- theless, these results suggest that the sexually diWhether or not the phenomenon just described has morphic effects of stress on conditioning are mepotential as a model for depression in females diated by differing hormonal substrates-by adrenal remains to be determined. If so, several contributing hormones in males and ovarian hormones in females.
factors would have to be shown. For example, the Minimally, the data illustrate why we cannot assume ability to control the stressful event should ameliorthat female expression of a disorder is simply the ate the deficit in performance. Also, the effect should same as a male with the addition of ovarian horbe lessened in females treated chronically with mones.
serotonergic drugs such as Prozac (Leuner et al., Fig. 3 . Stages of estrus influence learning. Percentage conditioned eyeblink responses for female rats in different stages of their cycle: proestrus, estrus and diestrus. Rats in each stage were exposed to a stressor of intermittent tailshock and trained 24 h later. Female rats in proestrus, when estrogen levels are relatively high, emitted more conditioned responses in 300 trials than females in other stages. Fig. 4 . Relationships between estrogen and learning. Two hypotheses regarding the relationship between levels of estrogen and performance are diagrammed. (A) A linear relationship between estrogen and performance would suggest that elevated levels of estrogen (proestrus) are associated with enhanced performance whereas reduced levels of estrogen (diestrus and estrus) are associated with poor performance. (B) An inverted U relationship would suggest that when estrogen levels are very low and very high, performance is poor, and when estrogen levels are moderate, performance is optimal. Stressor exposure that impairs conditioning in female rats enhances the release of estrogen (Shors et al., 1999) consistent with an inverted-U shaped relationship.
2002
). Nevertheless, we should not avoid studying as well as her response to stressful experience. females simply because a particular phenomenon Rather, we should study the female as a matter of does not exactly model a particular behavior in the course and as a consequence will gain a greater human female. This approach (or lack thereof) understanding of her unique and changing biology contributes to our lack of knowledge about the and how it contributes to disorders such as depresfemale in general, her tendency towards depression, sion and stress-related illness. sion (NARSAD) and the van Amerigen Foundation.
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